An oscillating magnetic field is applied with a loop antenna to an unmagnetized plasma. At small amplitudes the field is evanescent. At large amplitudes the field magnetizes the electrons, which allows deeper field penetration in the whistler modes. Field-reversed configurations are formed at each half cycle. Electrons are energized. Transient whistler instabilities produce high-frequency oscillations in the magnetized plasma volume. The penetration of a time-dependent magnetic field into unmagnetized plasma is a problem of broad interest in areas such as inductively coupled plasmas [1], plasma opening switches [2] , and very low frequency magnetic loop antennas [3] . Well known are the classical skin depth ¼ ð2= 0 !Þ 1=2 in collisional plasmas of conductivity ) ! 0 and the collisionless skin depth c=! p in cold collisionless plasma of plasma frequency ! p ) ! [4]. In hot collisionless plasmas, an anomalous skin effect arises from the electron transit time through the skin layer [5] [6] [7] . Nonlinear effects can change the penetration depth due to modifications of the density [8], conductivity [9] , and the Lorentz force of the rf magnetic field [10] . In the high-field limit, the electrons become fully magnetized and the field can penetrate as a nonlinear electron magnetohydrodynamic wave into the plasma [2, 11, 12] .
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We show in the present Letter that a strong oscillatory magnetic field applied to an unmagnetized plasma magnetizes electrons, which allows the field to penetrate in the whistler mode over a distance larger than the skin depth. The field embedded by one half cycle is still present when the next half cycle starts, leading to the formation of fieldreversed configurations (FRCs) with toroidal null lines and radial three-dimensional (3D) null points. It is worth noting that FRCs have been studied extensively for their fusion potential [13] . Field penetration into the plasma produces an elongation of the FRC in the axial direction. Magnetic helicity forms at the expanding fronts. The sign of the helicity is consistent with that of whistlers. High-frequency magnetic oscillations are observed for large fields, indicating a possible whistler instability in the toroidal current layer. Electron energization is inferred from light emission near the antenna.
The experiments are performed in an unmagnetized afterglow plasma produced by a pulsed dc discharge shown schematically in Fig. 1 . An insulated magnetic loop antenna (15 cm diam, 4 turns) is inserted into the uniform plasma center and energized by a damped oscillatory current (I max ' 150 A, frequency !=2 ' 200 kHz ( ! p =2 ' 3 GHz). The magnetic field inside the plasma is measured with a three-component magnetic probe movable along three orthogonal axes. The space-time dependence of the field Bðr; tÞ is obtained from repeated, highly reproducible discharges. Measurements are also done in vacuum so as to distinguish the fields produced by antenna and plasma currents.
A large amplitude ac current (I max ' 150 A) is produced by switching a charged capacitor (C ¼ 0:1 F, 1000 V) into the antenna (L ¼ 5:7 H) with little circuit resistance (R ¼ 0:58 ), producing a weakly damped ringing waveform (f ' 200 kHz). In plasma, the damping is enhanced (ÁR ¼ 0:62 ) and power is deposited into the plasma, I 2 peak ÁR=2 ' 7 kW. Since this power cannot be radiated (! ( ! p ), it must be dissipated, and both location and dissipation processes are of interest. We first address the field topologies. The rising magnetic field of the antenna in the first quarter cycle of the coil current oscillation induces plasma currents that oppose the field penetration. The reverse happens in the second quarter cycle: when the antenna field decreases, the induced plasma currents try to maintain the embedded magnetic field. After half a cycle, the coil current vanishes, but a significant dipolar magnetic field remains embedded in the plasma. In the second half cycle, a reverse antenna field rises and penetrates into the remnant field, thereby creating the field topology of an FRC. This process repeats at every subsequent current reversal. In addition to the poloidal field components (B y , B z ), there is also a toroidal field component B , resulting in magnetic helicity. Figure 3 (a) shows that, for I coil ¼ 0, the out-of-plane field component B x exhibits a quadrupolelike pattern, resulting from a cut through two opposing toroidal fields. It is produced by the toroidal electron drift which convects the frozen-in poloidal field lines [ Fig. 3(c) ] out of the y-z plane. From the measured poloidal flux, È ¼ R B z 2rdr, one finds the toroidal vector potential, A ¼ È=2r, which is displayed in Fig. 3(b) . The magnetic helicity density, shown in Fig. 3(d) , is positive in the left hemisphere and negative for z > 0 and vanishes when integrated over all space. The sign is the same for each half cycle. These are the properties of whistler modes propagating along or against a background magnetic field [14] , which, in the present case, is produced by plasma currents. Helicity is not created during diffusive field penetration.
Next we show that the magnetic bubble expands nonlinearly with field strength. While the free-space antenna field distribution is independent of amplitude, the induced field produced by plasma currents has an amplitude depen- Figure 4 shows contour plots of B plasma ð0; 0; z; tÞ together with the coil current waveform. The penetration velocity increases with amplitude; hence, for a given rf period the larger fields propagate farther into the plasma. This is explained by the magnetization of the electrons, which occurs when the Larmor radius becomes smaller than either the collisional mean free path or the gradient scale length of the field. For the present parameters (n ' 2 Â 10 11 cm À3 , kT e ' 2 eV), the mean free path due to the dominant Coulomb collisions is v e = ei ' 21 cm, which equals an electron Larmor radius at B ' 0:23 G. At large, but not small, coil currents, the electrons are magnetized over most of the measurement volume. This allows the field to penetrate in the whistler mode since the applied frequency (200 kHz) is below the cyclotron frequency when B > 0:07 G. The whistler group velocity increases with magnetic field strength [v group ' 2ðc=! p Þð!! c Þ 1=2 ' 36 cm=s at 10 G]. At very small amplitudes the scale length approaches the collisional skin depth ð2=! 0 Þ 1=2 ' 3 cm. Electron currents and electric fields are derived from magnetic fields, which have been measured both in plasma and in vacuum so as to distinguish antenna from plasma fields. Of particular interest are times when coil current and electric field reverse sign, as shown in Fig. 5 . When the coil current reverses the inductive electric field, E ¼ À@A =@t drives a toroidal plasma current, which produces a significant poloidal magnetic field (B z;max ' 10 G). Just after coil current reversal [ Figs. 5(a)-5(d) ], the total magnetic field near the coil exhibits an FRC topology but the plasma field and current remain relatively unchanged. When the coil current passes through a maximum (or minimum), the inductive electric field E / @I coil =@t reverses sign. As shown in Figs. 5(e)-5(h), the electric field reversal starts at the coil, drives a reverse toroidal current to shield the coil field, and creates an FRC topology in the plasma field but not in the total field, which is dominated by the large coil current. As the coil current decreases, the reversed electric field and current expand and, when I coil ¼ 0, assume profiles as in Figs. 5(c) and 5(d) except with reversed signs. There is also a strong space charge field, E ¼ J Â B=ne, in addition to the inductive electric field, to produce the toroidal electron Hall current.
Electric and magnetic fields yield the Poynting vector, S ¼ E Â H. When jIj coil grows from zero to jIj coil;max , the energy flows out of the FRC separatrix 
FIG. 5 (color online)
. Magnetic fields, electric fields, and plasma currents at two characteristic times. When the coil current reverses sign (a)-(d), a strong dipolar plasma field (a) is produced by toroidal currents (d) driven by a toroidal electric field (c) while the total magnetic field (b) has an FRC topology since the antenna field reverses. When the coil current decays from jIj max , the electric field (g) reverses sign, creating two opposing coaxial plasma currents (h), an FRC topology in the plasma field (e), while the total field (f) remains dipolar since dominated by I coil . Finally, we have also observed electron heating and nonlinear magnetic oscillations. As shown in Fig. 6 , a peak in light emission is observed at each current extremum at the antenna location (z ¼ 0), but not at a distance of z ¼ 50 cm. Light excitation from electron-neutral collisions in Argon requires electron energies >10 eV which are not present in the afterglow plasma. Each light pulse has the same rise and fall time; hence, electrons must lose their energy as fast as they gain it. The light also peaks when the inductive electric field vanishes and the magnetic field maximizes. These features indicate that the electrons gain and loose perpendicular kinetic energy by magnetic compression, mv 2 ? =2 ¼ B, where is the adiabatic invariant. Collisions degrade the adiabaticity and cause true heating which is manifested by the slowly rising and falling background light on which the oscillations ride. Electron heating causes the dissipation of the applied fields.
Careful inspection of the magnetic field signals reveals transient oscillations at each coil current zero crossings (Fig. 6) . The oscillations are extracted by smoothing the original waveform and displaying the difference. The oscillations are a nonlinear phenomenon which occur only at large coil currents [15] . They peak when the light has a minimum and hence are not created by fast electrons. Spatially the oscillations originate near the antenna when the O-type toroidal null line forms and propagates radially outward. In the presence of an FRC, the waves propagate on diverging field lines both axially and radially away from the antenna. Propagation is limited to a volume where the electrons are magnetized. The nonuniform and timevarying background magnetic field does allow a simple mode identification in terms of plane waves, but since the only mode in the present parameter regime is the whistler, it is believed that the magnetic oscillations are smallamplitude whistlers triggered by rapid current formations associated with the topology changes.
In summary, we have shown that a strong oscillatory magnetic field applied to an initially unmagnetized plasma magnetizes the electrons which allows the field to penetrate nonlinearly in the whistler mode. FRC field topologies arise with local helicity density characteristic of whistler modes. Electrons are energized by adiabatic compression. Transient magnetic oscillations are created near magnetic null lines and excite whistler modes in a nonuniform magnetic structure. These findings are of intrinsic interest in nonlinear field-plasma interactions and in applications such as active magnetic bubbles in space plasmas [16] or inductively coupled rf plasma sources. 
